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Experimental studies of the MINP structure by both ion
implantation and diffusion are conducted systematically. Cells
are fabricated by a simple, alignment free process with single
layer SiO antireflection coating but without back surface field.
The performance of the MI NP cells depends on both the
surface doping effect and the temperature treatment effect.
Isochronal and isothermal pre-processing heat treatment on MIS
solar cells are performed to study the performance dependence of
the temperature effect only isolated from the doping effect for
the first time. The performance degradation is related to the
lifetime degradation and the increases in the saturation current
and the ideality factor. The temperature dependent increases in
the saturation current and the ideality factor are attributed to
effects such as recombination in the space charge region and
surface states.
In the case of ion implanted MINP cells, implant parameters
(dose and energy) and annealing conditions are investigated.
The performance dependence of the ion implanted MINP cells on
such parameters has not been found in the literature. The
optimum annealing temperature and implant dose are found to be
800°C and 1013 cm-2 respectively. The dose is two order of
magnitude lower than the conventional ion implanted cells which
implies that ion implantation may be cost competitive to
diffusion if the MINP structure is used.
Decrease in the carrier lifetime and increase in the
saturation current and the ideality factor are dominated by the
doping level even though there is also temperature dependence.
The increase in the ideality factor with the doping level is in
agreement with the calculation. Excess current is shown to
result from the recombination current through traps in the
depletion region at low dose level. While at high dose, a field
emission component is suggested.
In the case of diffused MINP cells, two independent
parameters- temperature and time are studied. 800°C 10 min
single step diffusion is found to be the optimum diffusion
condition.
Effects of the grid spacing on the MINP cells are
demonstrated for the first time. It is found that the margin of
the efficiency advantage of the MINP cells over the MIS cells
increases with the grid spacing.
Cell performance of two substrate resistivities are studied.
The efficiency advantage of the MINP cells over the MIS cells of
the 0.5 ohm-cm substrate is larger than the 1.5 ohm-cm substrate.
The performance of the MINP cells is substantially higher
than the MIS cells. The total area efficiency of the highest ion
implanted and diffused MINP cells are 15% and 15.88
respectively measured at AM1.5.
Diffusion is found to out perform ion implantation in the
fabrication of MINP cells.
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11. INTRODUCTION
A solar cell consists of a potential barrier within a
semiconductor material that is capable of separating the electron
hole pairs generated by the incident light. This potential
barrier can be formed by a p-n junction, a Schottky barrier, a
metal-insulator-semiconductor( MIS} barrier, etc.
For a p-n junction solar cell, a heavily doped( by
diffusion or ion implantation) surface layer is required to keep
the series resistance low. Unfortunately, this heavily doped
surface layer causes poor minority carrier lifetime and bandgap
shrinkage. The effects are ex4cerbated ow ing to maximum
gene rat ion at the surface region. Much work is devoted to this
area [1-3].
By depositing a metal of proper work function on the surface
of the semiconductor, a Schottky barrier is formed. This is a
simple, high yield, and fast throughput process. In addition,
only low temperature treatment is required. Low temperature
process is advantageous because
1. it is cost saving because of low energy consumption,
2. the minority carrier lifetime of the starting material is
preserved which is essential for high efficiency, and
3. it prevents interdiffusion of impurities on the grain
boundary resulting in shorting or enhanced leakage current in
case of polycrystalline substrate.
Since there is no heavily doped surface layer, the short
2wavelength response is also enhanced.
However, the efficiency of the metal- sernicondutor( MS )
solar cell is low due to a large thermionic emission majority
dark current.
Introducing a thin interfacial layer between the metal and
the semiconductor results in a MIS structure which preserves the
advantages but eliminates the disadvantage of the MS solar cell.
The therm ionic emission majority current is suppressed by
the interfacial layer due to
1. incresed effective barrier height,
2. decreased probability of majority carrier tunneling,
3, encouraged interface states with a large capture cross-
section for majority carriers, and
4. reduced number of majority carriers at the semiconductor
surface [4,5].
Depending on the dominant component of the dark current, the
MIS solar cell is classified as majority device or minority
device [6,7]. Both majority and minority MIS devices have been
intensively studied. Reviews in this topic can be found in many
publications such as [4,8].
In principle, the MIS structure is covered by a thin
continuous metal over the cell surface. Metal thickness of less
than 100 A is required to insure light transmission. But a thin
metal film results in a high sheet resistance. Compromise
between good conductivity and good light transmisssion is needed.
An alternative to continuous thin metal method is to employ
3a grating structure. An inversion layer is induced by charges
inside the anti-reflection( AR) coating between gratings. High
efficiency minority MIS grating cells have been reported [9/10].
However, the MIS solar cell degrades rapidly under stress
conditions such as thermal stress, optical stress, electrical
stress, and also under radiation damage [11]. The thin Si02
interfacial layer is reduced to A1203 in the Al--Si02--Si system
[12]. Electrostatic effects such as opposite charges( as in
SiO-Si interface) on the SiO AR coating surface weaken the
inversion layer and force one to use a fine grating structure
[13].
Green et al. combined the advantages of the MIS solar cell
and the p-n junction solar cell and reported open circuit voltage
as high as 694 mV at AMO on a MI NP structure [14,15].
Early workers [16,17] have also found, by the use of low
dose ion implantation, an increase in efficiency of the Schottky
barrier( MIS) solar cell.
A major reduction in effective recombination velocity under
the top contact and reduced recombination in the emitter region
make the MINP structure superior to the p-n junction cells. on
the other -hand, improved passivation of surface states by
optimized electron concentration along the surface results in a
voltage advantage over minority MIS solar cells.
The MINP solar cell possesses a reduced temperature
sensitivity [18] and superior tolerance to electron radiation
[19].
4In the work to be reported in this thesis, the effects of
different fabrication techniques and different fabrication
conditions on the MINP solar cells are systematically studied.
Comparison between the MINP and the MIS solar cells are made.
The theoretical bases of the MINP solar cells are developed in
chapter 2. Process temperature plays an important role in high
efficiency solar cells. But a high temperature step( either in
the diffusion of the n layer or in the annealing of the ion
implanted cells) is unavoidable. Results of pre-processing high
temperature heat treatment on the MIS solar cells are presented
in chapter 3 to anticipate the high temperature process effects
in the MINP process. Results on the ion implanted and diffused
MINP solar cells are presented in chapter 4 and chapter 5.
Conclusions are given in chapter 6.
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12. THEORY
The structures employed in this study are shown in Fig. 2.1.
The MINP grating structure( Fig. 2.1b) is similar to the MIS
grating structure( Fig. 2.1a) except there is a surface doped
layer.
Region 1( metal-insulator-n-p semiconductor) and region 2
antireflection coating--insulator-n-p semiconductor) are
considered separately.
In region 1, the potential barrier enhancement and the
ideality factor are examined in section 2.1.1 - 2.1.3 while the
dark current-voltage characteristic is considered in section
2.1.4.
Surface recombination loss and series resistance loss in
region 2 are discussed in section 2.2.
















Fig. 2.1 A schematic of a MIS grating solar cell
B- schematic of a MINP grating solar cell
32.1 Metal-Insulator-n-p( MINP) Region
The Schottky barrier height can be controlled by a thin
heavily doped surface layer between the -metal and the
semiconductor. A layer of like doping and opposite doping
decreases and increases the barrier height respectively [1-3].
The thin heavily doped layer can be formed by either ion
implantation [1-3] or alloying [4,5].
Depletion approximation was employed in the calculation for
uniformly [1,4,6-8] and nonuniformly [9,10] doping profiles. Wu
[11-13] included also the interfacial insulator and the image
force lowering effects in the barrier height calculation. If the
enhanced barrier height becomes comparable to the bandgap, an
inversion layer is formed [14]. In that case, the depletion
approximation is invalid.
Accordingly, there are four cases to be considered.
1. Depletion approximation holds in both the surface layer and
the substrate.
2. Depletion approximation holds only in the heavily doped
surface Layer but not in the substrate.
3. Free carrier concentration is significant in both regions
such that depletion approximation does not apply.
4. The surface layer is so thick that a neutral region occurs.
It may then be treated as a MIS barrier in cascade with a p-n
junction.
Case 1,2 and 4 with respect to a p substrate are considered
in this chapter. While full analytical expressions for case 3
24
are not feasible, numerical analysis is being carried out by Hoi
[14].
2.1.1 Case 1- n+ and p regions depleted
Card [4] has analyzed the situation of a p+ layer on n
substrate with the assumption that both regions are depleted.
Hoi [16] has followed Card's approach and derived the barrier
height enhancement for a n+ layer on p substrate.
Fig. 2.2 illustrates the corresponding charge and electric
field distribution.
The barrier height enhancement [16] is given by
(2.1)
where ND= the donor concentration of the n+ layer,
a= the thickness of the n layer,
NA= the acceptor concentration of the substrate,
42s= the permittivity of the semiconductor,
q= the charge and
Wo= the depletion width under zero bias
(2.2)
where Wo= the depletion width without the n+ surface layer.
The ideality factor is given by
(2.3)
where VD= the diffusion potential, and














Fig. 2.2 Charge density and electric field distribution
when both n and p .layers are depleted.
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forward bias.
From the above expressions, we see that the barrier height
enhancement increases with the surface doping concentration while
there is always an increase in the depletion width. The ideality
factor, however, depends only on the thickness of the n+ layer
but not on its concentration.
2.1.2 Case 2- n+ region depleted
If the enhanced barrier height becomes comparable to the
bandgap, an inversion layer will be formed. An accurate analysis
should take into account this inversion layer in addition to
the usual depletion layer. Roy [14] has treated a MPN structure
with the above consideration. His approach is followed in
deriving the solution to the MNP structure in this section.
Extension to include the interfacial layer is also given.
Fig. 2.3 shows the energy band diagram and the charge
distribution of the corresponding situation. Assume that the n
layer' is thin enough to be entirely depleted. The Poisson's
equation in this region is written as
(2.4)
Integrating (2.4) with boundary condition that the electric field
is zero at x=- xm where the potential energy minimum is


















Fig, 2.3 Schematic of charge distribution and
energy band diagram considering inversion model.
(x)
Integrating (2.5) with boundary condition 0= VD+ V at x= -t,
the potential is given -by
(2.6)
The potential at the p-n junction( x= 0) readily follows as
(2,7)
Consider the space charge density in the p region which is
given by
(2.8)
since p is small compared to N, and n, and
(2.9)
The Poisson's equation in the p region is written as
(2.10)
(2.11)
Noting that the electric field is zero in the bulk semiconductor,
(2.11) can be integrated to give
(2.12)
Now, E= E(0), 0= 0(0) at x- 0
(2.13)
Since the electric field is continuous across x= 0, from (2.5)
a nd (2.12)
9(2 .14)
From (2.7) and (2.14), xm may be found for vari-ous values of ND
and t. Hence E and 0 in the n region can readily be determined.
The space charge density on the p region required to produce
the field E(O) is given by Guass' law as
(2.15)
Note that the first term is due to mobile carriers while the
second term is due to ionized acceptors.
In order to obtain analytical- expression of the potential
profile,( 2.13) is integrated piecewise, first in the iversion
layer, then in the depletion region. The solutions are matched
at x= wi, the boundary of the inversion layer.
Consider in the inversion region, rearrange (2.13) gives
(2.16)




I t can be shown that (l/BZ)exp(Z) 1. Thus, (2.17) reduces to
(2.18)
Integrating( 2.18) with boundary condition Z= Z(0) at x= 0, we
obtain the expression for potential in the inversion layer
(2.19)
The width of the inversion layer, w is defined as where
(2.20)
where Z(wi) is the Z value at x= wi. It can be shown from
(2.20) that wi increases with increse of both ND and t.
Beyond the inversion region, depletion approximation is
employed so that the second term in the bracket of the right hand
side of (2.12) is neglected. Then,
(2.21)
Integrating( 2.21) with boundary condition Cl= 0 at x= W, the




2e 23) gives the depletion width in the p region.
The amount of increase in barrier height h is given by the
difference of potential at x= -xm and x= -t
(2.24)
The ideality factor is given by
(2.25)
Extension to include intefacial insulator layer
If an interfacial insulator layer of thickness d exists
between the metal and the semiconductor, the applied voltage V
will be distributed as
(2.26)V Vi+ V
where Vi= the voltage drop in the insulator layer due to the
applied voltage V,
Vs the voltage drop in the semiconductor due to the
applied voltage V.
All expressions derived above except for the ideality factor
(2.25) are valid by simply replacing V by Vim.
The voltage drop in the insulator layer due to the applied
voltage V is given by
( 2s27)
where QM= the change in charge density residin) on the metal,
QSC= the change in space charge density in the
semiconductor,
QSS= the change in charge density due to inte'face states.
With the help of (2.26) and (2.27), V(O) and xM can be
obtained from (2.9) and (2.14). Subsequently, other expressions
can be calculated.
The expression for the ideality factor is more complicated
in this case, as the second term in the bracket of( 2.25) now
differs from the previous expression by a factor of( dVS/dV).
(2.25) will apply only under the assumption that the minority
Fermi level is pinned due to good communication with metal, i.e.
VS= V.
Fig. 2.4 shows the barrier height enhancement against
surface layer doping concentration with different surface layer
thickness for the metal work function and the substrate
resistivity used in the exper_ i men tai. study. There is a critical
doping concentration such that barrier height enhancement exists
only when this critical value is exceeded. For any barrier
height enhancement a thinner surface layer requires a higher
concentration.
Fig. 2.5 shows the ideality factor against surface layer
concentration with different surface layer thickness. The
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Fig. 2.4 Barrier height enhancement versus surface doping concentration
with surface layer thickness as a parameter. N A= 3x1016cm-3
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Fig. 2.5 Ideality factor versus surface doping concentration with
surface layer thickness as a parameter. N A= 3x10 16cm-3




When the inversion layer is included, the ideality factor
depends on both the surface doping concentration and the surf ace
layer thickness which is different from (2.3) which depends only
on the surface layer thickness( where both n+ and p layers are
depleted).
Fig. 2.4 and 2.5 will be referred in the experimental
section( chapter 4 and chapter 5).
The free carrier concentration in the surface layer
increases as the barrier height increases. When the free carrier
concentration is comparable to the surface doping concentration,
the depletion approximation in the surface layer becomes invalid.
A rough estimation of this critical magnitude is given by
(2.28)
where NC= the density of states in the conduction band.
The region where the depletion approximation becomes invalid
is shown in broken line in Fig. 2.4 and 2.5. However, full
analytical expressions in this regime are not feasible.
2.1.3 Case 4- MIS barrier+ p-n junction
When the surf ace layer is thick enough that a neutral n
region is formed, the structure can be treated as a MIS barrier
in cascade with a p-n junction( Fig. 2.6). The sign and












Fig. 2.6 Energy band diagram of MINP structure















Fig. 2.6 Energy band diagram of MINP structure
when the surface layer is thick.
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If the energy bands bend upwards on the surface (Fig. 2.6a),
WeS in the metal will see a potential barrier which is
equal to the built in potential plus the difference between the
Fermi level and the valence band edge in the bulk [17].
(2.29)
If the energy bands bend downwards( Fig. 2.6b), the
potential barrier seen by 110jes in the metal is then given by
(2.34)
Fig. 2.7 shows the surface potential against di Ffernt
surface laver concentration for two different metals (Mg and Al).
Magnesium tends to accumulate the n layer while Alumimum tends to
deplete the n layer.
2.1.4 Dark current-voltage characteristic
In forward bias, the hole current density at the metal-
semiconductor contact is given by [18]
(2.31)
where po(0)= the equilibrium hole concentration at zero bias,
VTP= the transmission velocity at x= 0
(A*T2)/(qNv) if thermionic emission model applies.
The hole current density Jp(x) on the semiconductor side is
given by
Fig .2.7 Surface potential versus surface layer concentration.
(2.32)
where= the hole mobility,
0p= the quasi Fermi level for holes.
Assuming JQ(x) is constant across the depletion region
)' (2.32) can be integrated with boundary conditions that
and
where V is the difference between 0 and 0 at x= W.
The hole current density is then given by [19,20]
(2.33)
where vD= the effective diffusion velocity for holes
transporting in the barrier region,
(2.34)
If the ratio n(x)n(0) is small, (2.33) reduces to the case of a
Schottky diode with
(2.35)
where 0j Q= the Schottky barrier height.
When the electron concentration is increased by a surface
doped layer such that vD vTp, (2.34) simplifies to
(2.36)
where Dp= the average diffusion constant,
nn= the total doped dosage.
u
Hence (2.33) simplifies to
(2.37)
By increasing the surface doping dosage, the hole current density
can be reduced to a low value. The total saturation current will
finally be limited by the electron diffusion current in the bulk
which is given by
(2.38)
2.2 An tireflection Coating- Insulator- n- p Region
2-2.1 Surface recombination loss
The advantage of the MINP struct u re [21,22] has been
attributed to the improved passivation of surface states by
optimizing the electron concentration along the cell surface.
The contribution to the dark current density from
recombination along the surface between grid lines in a p type
base cell is given by
(2.39)
where= the capture cross-section of the surface states,
vT= the electron thermal velocity,
n= the intrinsic carrier concentration,
n= the electron concentration at the surface,
Nm= the density of surface states with an energy of
( KT ln(ncn-)) of rnidgap.





Taking into account the bandgap narrowing effect, there
will be an optimum value of n Q for minimum JSQ. From Lanyon
[24], the bandgap narrowing is given as
for nondegenerate semiconductor, and
for degenerate semiconductor (2.At)
The intrinsic concentration is given by
(2 o +2)
where n e- the intrinsic concentration without bandgap
narrowing.
Setting Jsons= Of the optimum surface concentration
n is found togiven by
for nondegenerate case, and
for degenerate case (2 J+3)
At room temperature.
for nondegenerate case, and
for degenerate case.
We have included also the degenerate case in the a b o v e
expressions as it is not uncommon that such concentration is
reached in practice. The optimum doping concentration is higher
in the degenerate case than the non-degenerate case. However,
these values are substantially lower than the heavily doped
emitter in conventional p-n junction.
2.2.2 Series resistance loss
The series resistance of the induced inversion layer of MIS
grating cell( Fig. 2.1a) is usually high. A simple calculation
shows that for a minimum power loss, the grating spacing should
be [25]
(2.W
where Wc= the width of the contact lines,
Rs= the sheet resistivity of the inversion layer,
Vmp' Jmp~ the v°ltage and current density under maximum
power condition.
Addition of a surface layer will not only passivate the
surface and reduce the recombination current( section 2.2.1),
but also lower the series resistance.
The sheet resistivity of the surface layer is given by [26]
where uR- the lateral electron mobility,
(2.t6)
where£ v= the AR( oxide) charge density,
Qd= the dose of surface doped layer,
QSc~ the space charge density.
SC q NA xdmax
where xmax- the maximum depletion width,
(2.V?)
(2A8)
Fig. 2.8 shows the sheet resistivity against dose wit h oxide
charge density as a parameter. The lower sheet resistivity
suggests that a wider grating spacing can be used to lower the
shadow loss.
Fig. 2.8 Sheet resistivity versus dose vith oxide charge density
as a parameter.
2.3 Illuminated Current- Voltage Characteristic
A simple distributed diodes model [27] is used to relate the
meta1-insulator—n~p region and the AR-insulator-n-p region. The
schematic of the model is illustrated in Fig. 2.9. The
generation and recombination in the thin surface layer are
neglected for simplicity. The dark current of the ith diode
element is given by
(2.9)
where= the diode voltage of the ith element,
IQi- the saturation current due to diffusion in the bulk,
I o 2~ tie saturation current due to recombination in the
depletion region.
Each diode element is connected through a resistance R n-
which is the sheet resistance of the i n d u ceddoped layer. The
AR-insulator-n-p region is connected directly to the metal-
insulator-n-p region. The dark current of the metal-insulator-n-
p region is given by (2.33). A series resistance of the metal
grid R is also included.
The cell output characteristic can be found by assuming a
voltage value at node n, slightly below the open circuit voltage
and stepping along the string, addding new current I at each
node. V is then decremented to generate the whole current-
voltage characteristic.
Fig® 2.9 Schematic of a distributed diode model.
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2.4 Summary
We have considered the theoretical background of the metal-
insulator-n-p grating solar cell.
In the metal-insulator--n-p region, expressions for the
potential barrier enhancement and the ideality factor have been
obtained when 1. n+ and p regions are depleted and 2. n+ region
is depleted only. When the surface layer is thick enough that a
neutral n region is formed, the structure is treated as a MIS
barrier in cascade with a p-n junction.
The hole current density has shown to be reduced by
increasing the surface doping dosage. The total saturation
current decreases until it is limited by the electron diffusion
current in the bulk.
In the antireflection coating-insulator-n-p region, two
major loss mechanisms-- surface recombination loss and series
resistance loss have been considered.
The optimum surface doping concentration is found for both
degenerate and non-degenerate cases which are substantially lower
than the heavily doped emitter in conventional p-n junction.
The sheet resistivity is lowered when a surface doping layer
is incorporated which suggests that a wider grating spacing can
be used to reduce the shadow loss.
Finally, a simple distributed diodes model is used to relate
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3. PRE--PROCESSING HIGH TEMPERATURE HEAT TREATMENT
ON MIS SOLAR CELLS
3.1 Introduction
High temperature step is known to be detrimental in solar
cell processing. Fischer and Pschunder [1] observed that the
carrier lifetimes of their completed n4-p cells reduced
substantially with respect to as-grown crystal measured by the
photo-current decay method. The initial lifetime in the as-grown
crystal is changed by process dependent effects [2].
reversible increase at low temperature annealing is followed by
an irreversible degradation at higher temperature where normal
diffusion process takes place. Graff [2] attributed the effect
to the transformation of the oxygen donor-complexes into other
electrically inactive configuration near 600°C.
Kalejs and Ladd [3] annealed their samples at 1200°C for 10
and 60 minutes prior to normal process. They found that the
efficiency degraded to 88% and 74% of those without pre-
processing anneals for FZ 5 ohm-cm p type samples and 95% and
86% for CZ 1 ohm-cm p type samples.
In the above studies, a p-n junction structure was
employed, which inevitably required a high temperature
diffusion step. The two effects- high temperature treatment
and diffused impurities cannot be isolated. We investigate the
effects due to high temperature treatment alone by employing a
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MIS structure. A MIS cell without any high temperature heat
treatment is used as control. The highest temperature
encountered by the control MIS cell is 500°C at which the back
contact is sintered. This allows studies on the effects of high
temperature treatment at the range of diffusion process
temperature or annealing temperature of ion implantation. it
also enables one to anticipate the effects of doping alone, as in
the case of the MINP structure( chapter 4 and chapter 5).
3.2 Theorv
°•2.1 Illuminated current~ voltage characteristic
The schematic of a metal insulator p-silicon solar cell
under illumination is shown in Fig. 3.1. The current flow
consists of three components-
1. tunneling current between the metal and the minority carrier
band,
2. tunneling current between the metal and the majority carrier
band and
3. tunneling current between the metal and surface states.
Following N g and Card [4] and Hoi [5], the current
components are given as follows.
1. Minority current
The minority current under ill urn i nation is given by
(3,1)
(3,2)
The symbols carry their usual meanings.
2. Majority current
The majority current is given by [6]
(3,3)
Fig 3.1 Energy band diagram of MlS(pSi) solar cell
under illumination
3. Current through interface states [7]
The occupancy of the interface states is determined by a
competition between the tunneling transi tions to the metal and
the capture of carriers from the conduction and valence bands of
the semiconductor.









the thermal velocity of the carriers,
the capture crosssection of electrons, holes,
the interface states density,
the occupancy in metal.
The hole current into the interface states( electron
current form the interface states to the valence band) is
(3.9)
(3-10)
The electron tunnel current from the interface states into
the metal is
(3oil)
where the interface state tunneling time constant
For a moderate surface potential, the charge in the space
charge region is given by [8]
(3.12)
The oxide voltage V• is given by
(3.13)
M iterative procedure using the above equations is described
by N g and Card [4] to calculate the current voltage
characteristic of MIS solar cells.
3.2.2 Carrier lifetime
Fossum [9] developed a theoretical model that described the
dependence of the fundamental limit of carrier lifetime on
doping density, which was based on the equilibrium solubility of
a particular defect in nondegenerate doped silicon.
The total defect density, N that is frozen in at T= T f is
given by
for p type (3.lO
(3.15)
d S s°lubility of the neutral defect in silicon at the
effective temperature of defect formation,
(3.16)
where Ns= the atomic density of silicon( 5x10 cmJ)
Ea= the activation energy required to form the defect in
silicon lattice,
T= the effective temperature of formation of defect,
n= the intrinsic carrier concentration evaluated at T=T.
Assuming shock ley-Read-Hall model [10] for recombination
through a single level trap, the rate of recombination is given
by
(3.17)
where C~= 0pvth= the caPture rate per occupied trap,
=TnVth the electron capture rate per vacant trap,
= the intrinsic Fermi level,
g= the non— unity degenerate factor.
For the low injection case, the minority electron lifetime
in p silicon is given by
(3.18)
while the minority hole lifetime in n silicon is given by
(3.19)
For high injection case, pn, the carrier
lifetime is given by
(3-20)
Fossum [9] suggested that the frozen-in temperature was
around 330 °C with an activation energy of 1,4 eV which
approximated the activation energy of a silicon divacancy.
If the silicon is cooled too quickly during growth or
processing, the defects may be frozen in at a temperature higher
than T. The resulting higher defect density will lead to a
lifetime lower than the fundamental limit.
An empirical formula describing the dependence of lifetime
on doping concentration is given by [11]
(3.21)
where!= 3.52x10 7 sec, Tno= 1-70x10 5,IT
and= 7.10xl015 cm-3.
A higher doping concentration will result in a lower
minority carrier lifetime.
3.3 Experimentals
3.3.1 Pre-processing heat treatment
The wafers used in this study were 0.5 ohm-cm (10 0) p type
wafers supplied by Wacker( unless otherwise stated). Two sets
of experiments on pre-processing high temperature heat treatment
were performed. The conditions were
A- isochronal heat treatment for 15 rain at temperature 700, 800
and 900 °C plus untreated control sample,
B- isothermal heat treatment at 800°C for 0.5, 2 and 4 hours
plus untreated control sample.
Wafers were chemically cleaned before heat treated in a
double wall furnace flushed with nitrogen. Thin oxide g r o w n
during heat treatment was etched. Wafers were then subjected to
normal MIS cell fabrication procedure.
3.3.2 Normal MIS cell fabrication procedure
2 inches wafer was sliced into quarters that were suitable
for fabrication of 1 cm area cells. After the wafers were
chemically cleaned, thin oxide layer of thickness 17- 19 A,
measured by ellipsometer at wavelength 6328 A, was thermally
grown at 500°C for 3 0 min under dry oxygen ambient( with flow
rate of 2 1min). The oxide thickness is critical in producing
high efficiency MIS solar cell [5]. Various methods of preparing
the thin oxide film has been reviewed in [12]. We found that low
temperature thermal growth was highly reproducible in the
thickness range of interest.
1 um thick Alumimum was evaporated at pressure 2x10
on the backside. It was then sintered at 500°C for 30 rain under
nitrogen ambient( with flow rate of 2 1rnin) [5,13].
2 um thick Magnesium was evaporated at p ress u r e 1 x10~ J X
through a silicon shadow mask [14,15] on the front surface to
form the MIS contact.
SiO of 800 A thick was evaporated as a quarter wavelength
antireflection coating [16]. It also protected the reactive
Magnesium grid from the environment. The refractive index of
true SiO is 1.9. However, depending on the conditions of
evaporation, the film obtained may range from SiO to SiO 2 with
corresponding refractive index of 1.9 and 1.46 [17,18]. The
refractive index in this study was tightly controlled to lie in
1.85- 1.9 with a fast evaporation rate of 10- 15 A sec under
pressure 3x10 x
The completed cells were ready for measurement.
3.3.3 Measurements
1. Illuminated current- voltage characteristics at AMI. 5
Solar light source was simulated by a halogen filled
tungsten bulb with dichroic mirror at color temperature 3400 K
( Philips, 6423). AMI.5 illumination was calibrated by a
Solarex reference cell. A solar cell characteristic plotter [19]
with platform by which the temperature of the device under test
could be controlled was used to measure the illuminated current
voltage characteristics. From which the total area efficiency
311
and fill factor were deduced. The open circuit voltage and short
circuit current were measured directly with a digital meter to
eliminate any possible loading effect.
2. Voc/ Jsr measurement under various illumination
Voc/ Jsc measurement [20] under various illumination were
taken. The ideality factor and saturation current near the
maximum power point were then deduced.
3. Minority carrier lifetime
Photo-induced voltage decay method [21-23] was employed to
measure the minority carrier lifetime. General Radio 1531-AB
Strobotac electronic stroboscope and Philips PM3234 storage scope
were used.
4. Spectral response
Bausch and Lomb high intensity grating monochromator_ with
tungsten halide source and visible( 350-850 nm) and infra-red
( 0.7-1.6 um) grating assemblies were employed to measure the
spectral response. The raw data were adjusted with the output
intensity of the monochromator measured by International Light
IL1500 radiometer which possessed a flat spectral response fr_oin
400 nm upto 2.5 um.
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3 .4 Resu.L is and Discussion
3.4.1 Isochronal heat treatment
The results of isochronal heat treatment- of 15 min at
various temperature are shown in Fig. 3.2-- Fig. 3.9.
Fig. 3.2 shows that the minority carrier_ lifetime of the
heat treated samples are lower than that of the control sample.
This is consistent with that observed by Graff [2]. An
irreversible lifetime degradation occurs for T 600°C. Although
the fundamental limit of lifetime is independent of temperature
history from the model developed by Fossum [9], the practical
lifetime is process dependent and depends on other effects such
as impurities in *C semiconductor and defect density may be frozen
in at T Tf resulting in a lower lifetime. Partial recovery of
lifetime during the 500°C, 30 ruin sintering step is suggested
since there is no difference among the heat treated samples.
The open circuit voltage shown in Fig. 3.3 decreases as the
heat treatment temperature increases with larger drops occurs
near 900°C. The short circuit current( Fig. 3.4) decreases
steadily upto 800°C at which it reaches the minimum.
There is no apparent change in the fill factor under various
heat treatment temperature as shown in Fig. 3.5.
Due to the combined decreases in open circuit voltage and
short circuit current, the total area efficiency( Fig. 3.6)
decreases as the heat treatment temperature increases.
The decrease in open circuit voltage can be partly explained
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Fig. 3. 2 Minority carrier lifetime versus heat treatment
temperature. MIS cell without pre-process heat
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Fig. 3.6 Total area efficiency versus heat treatment temperature.
nT/%
by the open circuit voltage can be seen to
decrease as decreases. Hoi[ 5] has calculated the
illuminated current voltage characteristics and observed that a
decrease in both open circuit voltage and efficiency as lifetime
decreased.
Another explanation for the decrease in open circuit voltage
is reached by considering the saturation current and the ideality
factor. The open circuit voltage is given by
(3.22)
where n= the ideality factor
IQ= the saturation current,
I= the short circuit current.
The effects of the saturation current and the ideality factor are
competitive in the reduction of open circuit voltage. Fig. 3.7
and Fig. 3.8 show that both the ideality factor and t h e
saturation current increase as the heat treatment temperature
increases. However, the effect of increase in the saturation
current is greater than the ideality factor leading to a decrease
in open circuit voltage. The increases in the saturation current
and the ideality factore are attributed to the enhanced
recombination current component after heat treatment. The
saturation current due to the diffusion component in the base is
given by
(3.33)
For N,= 3xl016 cm-3, D= 20 cm2s, Xn= 15 us (measured),
I =1 3x10 Acrn which is in good agreement with the control
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Fig. 3.8 Ideality factor versus heat treatment temperature.
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of ter heat treatment which corresponds to a Iod= 1.14xl0' 12
A/cm2. This value is substantially lower than the saturation
current measured. This suggests that the increases in the
saturation current and the ideality factor are not only due to
the bulk lifetime degradation but also due to other effects such
as recombination in space charge region and surface states.
Furthermore, such effects are temperature dependent. The poorer
surface properties after heat treatment is supported by the lower
short wavelength response of the spectral response measurement
(Fig. 3.9).
The decrease in short circuit current can be explained by
the reduction of carrier lifetime( or diffusion length) so that
less photo--generated carriers are collected. This is also
supported by the lower long wavelength response of the spectral
response measurement( Fig. 3.9).
3.4.2 Isothermal heat treatment
The results of the isothermal heat treatment at 800°C for
various times are shown in Fig. 3.10- Fig. 3.16. The open
circuit voltage, short circuit current, fill factor and total
area efficiency( Fig. 3.10- Fig. 3.13) decrease steadily as
heat treatment time increases. Fig, 3.14 and Fig. 3.15 show that
the saturation current and the ideality factor increase as heat
treatment time increases. The minority lifetime( Fig. 3.16)
shows a slight decrease with some variations.
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Fig. 3.9 Spectral responses for various heat treatment
temperature.
TIME HR
Fig. 3.10 Open circuit voltage versus heat treatment time at 800 C.
TIME.HR
Fig.3.11 Short circuit current versus heat treatment time at 800 C
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Fig. 3.13 Total area efficiency versus heat treatment time at 800
15
10
0 1 2 3 4
TIME HR
Fig. 3.14 Minority carrier lifetime versus heat treatment time at
800 C
Fig. 3.15 Saturation current versus heat treatment time at 800 C
TIME HR
Fig. 3.16 Ideality factor versus heat treatment time at 800 C«,
isochronal heat treatment. Discussion in section 3.4.1 thus also
applies here. Note that the percentage degradation in the
isothermal heat treatment is larger than in the isochronal heat
treatment.
The results in the isothermal heat treatment are consistent
with Kalejs and Ladd [3] who observed degradation in cell
performance after heat treament at 1200 C for 10 and 60 min.
However their measurements were based on diffused p-n junction
solarcells such that the diffusion effect has not been isolated.
Also, no lifetime and spectral response measurement were reported.
3.5 Conelusions
Effects of isochronal and isothermal heat treatment on MIS
grating solar cells are studied in detail. Degradation in cell
performance against temperature and time is observed. The
degradation which is solely due to high temperature heat
treatment in the range of practical interest is reported for the
first time.
An irreversible degradation in lifetime is observed. The
degradation in cell performance can be partly explained by the
lifetime degradation. Calculation shows that the increase in the
saturation current due to the lifetime degradation is
substantially less than the measured value. This suggests that
an enhanced recombination current component results alter heat
treatment at the surface due to effects such as recombination in
space charge region and surface states. The short and long
wavelength degradation in spectral response supports the above
intepretation.
The result of this study suggests that higher efficiency
solar cell results from lower temperature and shorter time used
to obtain the required doping and annealing.
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4 ION IMPLANTED MI NP SOLAR CELLS
4.1 Introduction
Doping using ion implantation offers several advantages. It
allows accurate control of ion dose, depth and uniformity which
are essential especially for the low dose, shallow junction. it
is a high throughput, dry, vacuum process and is suitable for
automation. In addition, no back surface etching is needed as in
the diffusion process.
However, an annealing step is required to activate the
dopant atoms and to reduce damages caused by the implantation.
Unactivated dopants and residual damages may act as recombination
centres which increase the saturation current and lower the
carrier lif.etime. Undesirable broadening of the doping profile
may also be caused by high temperature annealing.
The annealing behavior of phosphorus implant at energies
100 KeV and 150 KeV at a dose level of 2x101 5 cm`2 on (100) and
(111) 1 ohm-cm substrates through thermally grown Sio2( 0.1 and
0.15 um) which also act as antireflection conting has beer
investigated by Zignani et al. [1]. They found that the
electrical activity in (100) samples was about complete after
annealing at 550°C whereas about 700°C annealing was neeeded for
the (111) samples. Radiation damage has been studied by proton
back scattering and transmission electron microscopy. The
optimum annealing was concluded as 750°C 30 min because higher
temperature annealing didnot significantly improve the implanted
layers' electrical characteristics and didnot remove the residual
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damage while it lowered the bulk lifetime.
Multiple step thermal annealing has been developed at Spire
[2] as follows:_
550°C 120 min in N2
850°C 15 min in N2
550°C 120 min in N2
The initial low temperature step causes of f_-ective epi tax ial
regrowth of damaged silicon lattice while the 850.°C step
activates the implanted dopants electrically. The final low
temperature step is for lifetime enhancement.
Modified procedures which utilize an oxidizing ambient were
found to produce higher open circuit voltage in cells of low
resistivity silicon due to better surface passiva_ation [3].
I n addition to thermal annealing process, transient
annealing process such as electron beam and laser annealing has
also been investigated [5,6]. Defects in the near surface region
such as the dead layer produced by conventional high
temperature diffusion can be completely removed by laser
irradiation [7].
A systematic study on the implant parameters( dose, energy
ion species) and annealing techniques has been conducted by
Douglas and D'aiello [8,9]. They showed that the three step
annealing process and the backside boron-glass ge ttering
procedure were capable of preserving or increasing the diffusion
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length in the bulk region of the wafer. The optimum dose level
was found to be 2 x 10 15 - 5 x 10 15cm -2 witheffeciency of l4 -15
at AM1 in the dose range studied( 2x10 14 - 10 16 cm-2)
High dose ion implantation described above is primarily an
alternative to diffusion in junction formation in conventional p.-
n junction colar cells. However, low dose ion implantation can
be used to control the surface properties as discussed in chapter
2.
Ponpon and Siffert [10] have shown that the efficiency of
their Schottky barrier solar cells increased by about 50% by use
of ion implantation at low dose.
Increase in open circuit voltage of Schottky barrier solar
cells have also been observed by Pai et al. [11,12] using low
dosage ion implantation.
Blakers et al. [13] have obtained open circuit voltage as
high as 661 mV at AMU on 0.1 ohm-cm substrate at dosage levels of
1013 and 10 14 cm-2 of 20 KeV phosphorus ions. The implant dose
of this MINP structure was 20-- 200 times lower than the
conventional ion implanted solar cells. This makes ion
implantation cost competitive to the diffusion process [14].
No detailed study has yet been made in low dose ion
implantation MINP solar cell. This is the topic of the present
chapter.
4.2 Experimentals
The implant parameters( dose, energy) and annealing
conditions were systematically studied. The implant dose
( phosphorus) ranged from 10 to 10 cm w h i 1 e ion energies
of 20 KeV and 30 KeV were used. Anneals were carried out in
nitrogen ambient. Single step and three step annealing were
employed with details indicated in Table 4.1.
Table 4.1
single step annealing three step annealin





15 m i n
1 20 rn i n
600°C T 900°C
Temperature as low as 6 0 0° C was included since low temperature
annealing was essential to solar cell fabrication.
Implants through thin thermal oxide grown at 800°C for 30
rain in dry oxygen were also investigated.
The implant and annealing conditions are summarized in Table
4. 2.
The as implanted profile parameters [15] are tabulated ir
Table 4.3.





A 20 Key single step
B 20 KeV Lhree step
C 30 KeV three step
D 30 KeV through oxide three step
The annealed implant samples were then subjected to normal
MIS fabrication procedure as described in section 3.3.2. The
front grid evaporation was carried out using a 51 fingers/cm
silicon mask.
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4.3 Remits and Discussion
4-3.1 Set A~ 20 KeV implant single step annealing
Cell peformance measured under AMI,5 illumination is shown
in Fig. 4.1- Fig. 4.4.
As shown in Fig. 4.1, h i g h open circuit voltages are
attained after 800°C anneals. 700°C and 900°C annealed samples
show a gradual decrease in open circuit voltage as the surface
doping dose increases.
The interesting dip for the 600°C annealed samples can be
explained by insufficient anneal. When the dosage is low, the
residual damage and unactivated dopants are small in quantity so
that their effects are small. When the dosage is high, an
amorphous layer is formed which facilitates recrystal1ization and
activation at lower temperature. There exists a intermediate
dosage at which the effect of insufficient anneal is most
prominent. The lowest open circuit voltage was found at a medium
17— 2
dosage of 10 cm
The low open circuit voltage of heavily doped MIN P
f lO1 cm2) is in agreement with Green et al. [16].
Shown in Fig. 4.2 are the short circuit currents under
various doses with annealing temperature as a parameter. All
samples under various anneals show a general increase in short
circuit current as dose level increases which are attributed to
a lowerseries resistance in the surface layer as dose level
increases( also see Fig. 2.8). For a particular dose level,
higher short circuit current is obtained at lower annealing
DOSE CM2
Fig. 4.1 Open circuit voltage versus dose for various annealing















Fig. 4.2 Short circuit current versus dose for various annealing






temperature. This is consistent with the result obtained in heat
treated MIS solar cells( Fig. 3.4).
Fig. 4.3 shows that the fill factor of various anneals
starts to tall at dose level of 10 cm. T h i s i s due to a
higher reco in oi nation current component in t h e depletion
region which has an ideality factor of 2 at higher dose 1eve 1.
It will be discussed in more detail later.
The efficiency at AMI.5 is shown in Fig. 4.4. The 700°C~
900°C annealed samples show an optimum dose around 10 13 en2-
10 cm. T h e a n o m alous behavior o f t h e 6 0 0 C annea 1 e d
samples i s due to the cause as for their behavior in the open
circuit voltage( Fig. 4.1), as explained above.
The optimum annealing condition of the ion implanted solar
cells are determined by two incompatible mechanisms. Activating
dopants and removing damage require high temperature on one hand
while perserving carrier lifetime demands low temperature on the
other hand. In this set of experiments, 8 0 0° C, 15 m in anneal
a 11 ain s the highest efficiency which is co nsistent w i t h t hat
reported in [1]( 7 50°C, 30 min).
The minority carrier 1if e time sho wn in F i g. 4.5 indicates
that the degradation in carrier lifetime is dominated by the dose
level. Low annealing t e mperature( 6 0 0° C) has marg i na 1
advantage over high annealing temperature( 700°C- 900°C) while
7 00 °C- 90 0 °C anneals show little difference due to partial
recovery of lifetime during 500°C back contact sintering( also
see section 3.4.1).
A detailed look at the current voltage characteristic
















Fig. 4.3 Fill factor versus dose for various annealing
temperatures.( set A- 20 KeV implant, single step
annealing)
Fiq. 4.4 Total area efficiency versus dose for various annealing
temperatures.( set A- 20 KeV implant, single step
annealing)
Fig. 4.5 Minority carrier lifetime versus dose for various
annealing temperatures.( set A- 20 KeV implant,
single step annealing)
increase in the saturation current from dose level 10 cm to
15— 2
c m a s shown in Fig. 4.6. The increase in the sat u r a t i o n
current with the dose level also helps to explain the decrease in
open circuit voltage( F i g. 4.1). Insufficient anneal at 6 0 0° C
- 7 00°C is also revealed at dose level 10 cm- 10 cm~.
Fig. 4.7 shows the ideality factor against various dose.
The ideality factor increases with the dose level. This is
consistent w i t. h the calculation s h o w n in Fig. 2.5. A high
ideality factor that soften the current voltage characteristic
degrades the fill factor as observed in Fig. 4.3.
4.3.2 Set B- 20 KeV implant three step annealing
The results of 20 KeV implant, three step annealed samples
are shown in Fig. 4.8- Fig. 4.14. The results are qualitatively
the same as in set A( 20 KeV implant, single step annealing) so
that no detailed discussion will be given. However, t he
following points are noted.
1. The open circuit voltage( Fig. 4.8) of samples annealed at
800°C and 900°C are higher than those in set A( Fig. 4.1).
2. The larger variation in short circuit current( Fig. 4.9)
is attributed to the relaxed control over antireflection coating
during process.
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3. The fill factor peaks at dose level of 10 cm and starts
to fall down( Fig. 4.10). 800°C anneal gives the best fill
factor.
4. The efficiency( Fig. 4.11) peaks at dose level around
Fig. 4.6 Saturation current versus dose for various annealing
temperatures.( set A- 20 KeV implant; single step
annealing)
DOSE C M'
Fig. 4.7 Ideality factor versus dose for various annealing
temperatures.( set A- 2.0 KeV implant, single step
annealing)
Fig. 4.8 Open circuit voltage versus dose for various annealing
temperatures.( set B- 20 KeV implant, three step
annealing)
DOSE CM'X
Fig. 4.9 Short circuit current versus dose for various annealing
temperatures.( set B- 20 KeV implant three step
annealing)
Fig. 4.10 Fill factor versus dose for various annealing
temperatures.( set B- 20 KeV implant, three step
annealing)
Fig .4.11 Total area efficiency versus dose for various annealing
' temperatures.( set B- 20 KeV implant, three step
annealing)
Fig. 4.12 Minority carrier lifetime versus dose for various
annealing temperatures.( set B- 20 KeV implant three
step annealing)
Fia 4 13 Saturation current versus dose for various annealing
3 temperatures.( set B- 20 KeV implant, three step
annealing)
DOSE/CM
Fig.4.14 ideality factor versus dose for various annealing
temperatures (set a-20 KeV implant, three step
annealing)
1013 cm 3~ 5xl033 cm 3 under 800°C anneal. The peak is broader
than that in set A which allows a large range of optimum dose
level.
Although no significant advantage in efficiency is observe
in the three step annealing over the single step annealing, i
does yield a higher open circuit voltage- Therefore, three ste:
annealing is adopted in the following study.
4.3.3 Set C- 30 KeV implant, three step annealing
In this set of experiments, the annealing temperature was
chosen (XS 750°C to 900°C in 50°C increments in-order to give a
more detailed picture on the dependence of the annealing
temperature. The results are shown in Fig. 4.15- Fig. 4.21.
The general behavior is again similar to set A and set B.
However, performance variation against different annealing
conditions is smaller which suggests that 750°C~ 900°C anneals
all give satisfactory annealing effects.
The results will be discussed briefly as follows. In
Fig. 4.15, high open circuit voltage is obtained by 800°C and
8 5 0 °C anneals at dose level of 101 cm' and 10 cm In
Fig. 4.16, the short circuit current increases with the dose
level as in set A.
In Fig. 4.17, the fill factor peaks at dose level of
103 cm3 while lower temperature anneal result in a higher fill
factor except for heavily doped cases. The efficiency( Fig.
4.18) rises and then falls as the dose level increases. It
peaks at a dose level of 1013 cm3 under 800°C anneal which is
Fig. 4.15 Open circuit voltage versus dose for various annealing
temperatures.( set C- 30 KeV implant, three step
annealing)
DOSE/CM
Fig. 4.16 Short circuit current versus dose for vari
temperatures.( set C- 30 KeV implant, thre aneaiing
annealina) tnree step
Fig. 4.17 Fill factor versus dose for various annealing
temperatures.( set C- 30 KeV implant, three step
annealing)
Fig. 4.18 Total area efficiency versus dose for various annealing
temperature,( set C- 30 KeV implant, three step
annealing)
higher than that of set B. This implies that there is a
performance advantage of 30 KeV implant over 20 KeV implant.
In Fig. 4.19 the minority carrier lifetime decreases as the
dose increases.
In Fig. 4.20 and Fig. 4.21, the saturation current and the
ideality factor are slightly lower than that of set B although
they follow the same trend. These help to explain the
efficiency advantage observed in Fig. 4.18.
4.3.4 Set D- 30KeV through oxide implant, three step annealing
The results are shown in Fig. 4.22- Fig. 4.29. Similar
general behavior is also observed as in previous sets.
In Fig. 4.22, 800°C and 900°C anneals give high open circuit
voltage. Insufficient anneal is observed at 7 0 0° C a n nea 1 in
addition to 600°C anneal in set B.
The increase in short circuit current with dose level is
small( Fig. 4.23). In Fig. 4.24, the fill factor follows the
same trend as previous sets.
800°C anneal yields high efficiency( Fig. 4. 25) with peak
at dose level of lO3 cm2 which is a bit lower than that of set
C. Same anomalous behavior as in set B is observed at 600°C
anneal due to insufficent anneal.
In Fig. 4. 26, the carrier lifetime follows the same trend
as previous sets.
In Fig. 4. 27 and Fig. 4.28, the saturation current and the
ideality factor are higher than set C although they follow the
Fig. 4.19 Minority carrier lifetime versus dose for various
annealing temperature?.( set C- 30 KeV implant,
three step annealing)
Fig. 4.20 Saturation current versus dose for various annealing
temperatures.( set C- 3Q KeV implant, three step
annealing)
Fig. 4.21 Ideality factor versus dose for various annealing
temperatures.( set C- 30 KeV implant, three step
annealing)
Fig. 4.22 Open circuit voltage versus dose for vaious annealing
temperatures.( set D- 30 Kev through oxide implant,
three step annealing)
Fig. 4.23 Short circuit current versus dose for various annealing
temperatures.( set D- 30 KeV through oxide implant,
three step annealing)
Fig. 4.24 Fill factor versus dose for various annealing
temperatures.( set D- 30 KeV through oxide implant
three step annealing)
Fig. 4.25 Total area efficiency versus dose for various annealing
temperatures.( set D- 30 KeV through oxide implant,
three step annealing)
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Fig. 4.26 Minority carrier lifetime versus dose for various
annealing temperatures.( set D- 30 KeV through oxide
implant, three step annealing)
Fig. 4.27 Saturation current versus dose for various annealing
temperatures.( set D- 30 KeV through oxide implant,
three step annealing)
Fig. 4.28 Ideality factor versus dose for various annealing
temperatures.( set D- 30 KeV through oxide implant,
three step annealing)
same trend.
The spectral response is shown in Fig. 4. 29 for v a rio us
dose at 800°C anneal. Cell with dose level of 5x10 cm shows
superior short wavelength response than others. While cell with
dose level of 10 cm indicates a 1 o w e r 1. ong wavelength
response than others. The superior short wavelength response at
dose level of 5x10'' cm J suggests that there is optimum surface
concentration which reduces the surface recombination( section
2.2.1). The lower long wavelength response indicates a higher
series resistance at dose level of 10 cm~.
4.3.5 Comoarison Xw
The optimized performance parameters of each set of implant
and anneal conditions are tabulated in Table 4.4. The optimized
annealing temperature in all cases is 8 0 0° C. Also shown in
Table 4.4 are typical performance parameters of MIS and 800 °C
heat treated MIS solar cells.
Among the four sets of implant and anneal conditions the
3 0 K e V implant, three step annealing( set C) yields the best
performance. The 30 KeV implants( set C and set 0) are
superior to the 20 KeV implants( set A and set B)„ There is no
significant difference in performance for the 20 KeV implants
under single step and three step annealing.
There is a definite performance advantage of MINP solar
cells over MIS solar cells as shown in the efficiency entry of
Table 4.4. This is due to the superior short circuit current in
MINP cells than MIS cells since there is only marginal advantage
Fiq 4 29a Spectral responses( arbitrary unit) for various
doses. A- 10 cm, B- 10 cm, C- 5x10 cm
Spectral responses( arbitrary unit) for various
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on open circuit voltage.
As shown in Table 4,4, the saturation curre n t of the MIN P
cells is generally higher than the MIS cells which erode the
potentially higher open circuit voltage resulting fro rn the
superior short circuit current through (3.22), Also, if the low
carrier lifetime of the MINP cells can be raised to the level of
the MI S cells, an even higher short circuit current and
ef f iciency will be obtained, Howe ve r this may involve other
annealing procedures [7].
Comparing to the lifetime degradation in the pre-processing
heat treated MIS cells, the percentage degradation in the ion
implanted MINP cells are much severer than the former. We
conclude that the lifetime degradation of the latter is mainly
due to the effect from ion implantation( residual damage and
unactivated dopants). Results also indicate that different
annealing conditions do not offset the above conclusion.
The saturation current and the ideality factor of the ion
implan ted MINP cells again increase to a larger extent than that
of the MIS cells. These also lead to a similar conclusion that
the effects are dominated by the doping level. The increase in
the ideality factor is in qualitative agreement with the
calculation shown in Fig. 2.5.
The saturation current due to the diffusion component in the
bulk as the bulk lifetime decrease to 7 us( the extreme value
measured) is 1.8xl0~12 Acm2. However, the measured saturation
current is one to two order of magnitude above this figure. This
implies that a recombination current through traps in the surface
region dominates the total saturation current since the
saturation current due to diffusion in the su rface n region is
only of the order of 10~12 Acm2.
In a recent publication [17], Anderson et al. observed a
field emission current in their MINP cells. They deduced the
excess current by subtracting the diffusion current comoonent—' A_
using the value obtained from V J measurements from the totalL7 O L
current. The ideality factor of the excess current component
should be equal to two and independent of temperature if the
current is d u eb recombination throug h traps in the d e p 1 e t i o n
region. It has been observed [18] in a heavily doped metal aSi
junction where high field effects occur, the ideality factor
increased at decreased temperature. Anderson e t a 1. found that
the product of the ideality factor of the excess current and the
temperature is constant for their cells which have a high surface
dose of 2 x 10 cm2. Thus, they suggested that the excess
current component was a field emission current resulting from
edge effects rather than a recombination current for MINP cells.
By diamond sawing the edge of the cells, they improved the
ideality factor of the excess current from 3.3 to 2.6.
Typical values of the excess current and the ideality factor
for our cells are shown in Table 4.5. The ideality factor of the
excess current at high dose( 1015 cm2) is exceptionally high
and agrees with the founding of Anderson et al.. But at a lower
dose, the ideality factor is still reasonably close to two. This


















The junction recombination current through traps for forward
bias is given approximately by [19]
To explain a 2-4x10 7 Acm2 excess current using (4.1) with
-r-- 9
Wd= 0.2 urn, V= 0.5 V, it requires lno to be 3.8x10- sec.
Such a Xno not unreasonable since unactivated dopants and
residual damage may exists in this region.
The finding that the field emission component occurs at high
dose but not at low dose is consistent with the theory of field
emission. A heavier doped semiconductor favors the field
emission current to occur [20]. However, such component is not
intrinsic to MINP cells but occurs also in MNP cells [17].
4.4 Conclusions
Implant and annealing conditions have been studied in detail
for the ion implanted MI NP cells. The dependence on such
conditions has not been found in the literature.
The ion implanted MI NP cells have shown to have a definite
peformance advantage over the MIS cells due to the superior short
circuit currrent and the marginal increase in open circuit
voltage.
Among the four sets of implant and annealing conditions the
30 K e V implant, three step annealing( set c) yields the b est
performance. The 30 KeV implants( set C and set D) are
superior to the 20 KeV implants( set A and set B). No
significant performance difference is observed for 20 KeV
implants under single step and three step annealing.
Annealing behavior of ion implantation is complex in nature.
Insufficient anneal occurs at low temperature( 600°C). A dip
in open circuit voltage and efficiency at medium dosage relative
to low and high dosage is observed. It is explained by the
effects of unactivated dopants, residual damage and formation
of amorphous layer. High temperature annealing( 900°C) does
not produce further activation of dopants and removal of residual
damage, but lowers the carrier lifetime. The optimum annealing
temperature is found to be 800 C.
The best ion implanted MINP cell is fabricated under a dose
level of 101 3 cm2 and three step annealing at 5 50 °C 2 hours,
8 00 °C 15 min, 550°C 2 hours. The performance parameters are
V= 6 24 mV, I= 30.4 mA, FF= 0.791 and nT= 15% at AMI.5
oc sc
Illumination The dose level is 200 times less than that usecd in
conventional ion implanted p~n junction solar cells. This
implies that ion implantation using a MINP structure may be cost
competitive to diffusion.
The degradation in the carrier lifetime in the ion implanted
MINP solar cells is much] more severe than that of the heat
treated MIS solar cells which leads to a conclusion that the
lifetime of the former is mainly due to the effects of
unactivated dopants and residual damage brought about by ion
implantation. Results also indicate that different annealing
conditions do not offset the above conclusion.
Increases in the saturation current and the ideality factor
are observed. The extent of increases is again larger thanthat
of the heat treated MIS cells leading to a similar conclusion
that the effects are dominated by the doping level. The increase
in the ideality factor is in qualitative agreement with
the calculation in chapter 2.
The saturation current is analyzed to show that a
recombination current through traps in the depletion region
dominates at low dose level. While at high dose level, our
result is consistent with Anderson et al. who have suggested that
the field emission current dominates in their high dose MINP
cells.
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5. DIFFUSED MINP SOLAR CELLS
5.1 Introduction
Low temperature heat treatment which induces metallurgical
reactions between the A1 and n-Si has shown to increase the
barrier height of the contact to majority carriers and decrease
the dark current thereby increasing the open circuit voltage [1].
Green e t aL have proposed a MINP structure which combined
the advantages of metal-insulator-semiconductor arid p~n junction
technologies [23]. A thin surface doped layer is introduced by
either diffusion or ion implantation. The latter has been
discussed i n chapter 4. Open circuit voltage as high as 694 rn V
{ A MO) has been reported [4] by liquid source POCl diffusion.
The effect of partial pressure of POCl during diffusion has been
studied. A reduction in voltage at high pressure was, however,
observed [4].
Further improvement in performanee has been reported.
Efficiency of 18%( AMI.5) and 18.7%( A Ml.5) are obtained
with the following modifications:
1. replacing top contact metal Mg by TiPdAg multilayer contact
metallization with reduced metal coverage.
2. employing thermal oxide surface passivation, and
3. employing double layer an tireflection coating.
The highest efficiency in silicon cell reported to date is
19.1%( AMI.5) [7] in which special attention has been paid to
emitter passivation by thermal oxide and reduction of metal
contact area.
Despite recent advancements, detailed dependence of
performance on diffusion conditions has not been reported in the
literature. Investiqation will be taken up in this chapter.
5.2 Experimentals
5.2.1 Experimental design
The two key independent parameters that can be controlled in
diffusion are temperature and time. We have investigated the
performance dependence on temperature and time under a single
step diffusion process. Single step diffusion results in a
steeper impurity gradient which has been shown to be beneficial
for high performance in solar cells [8], The important profile
parameters calculated [9] with diffusion constants obtained from
[10] are shown in Table 5.1. Section 5.3.1 gives the results of
this investigation.
The surface doping also reduces the series resistance of the
surface layer as discussed in section 2,2.2. A wider grid
spacing than that demanded by the MIS cells is expected to give a
high efficiency as well. Results are given in section 5.3.2.
It has been shown in [2] that the voltage advantage of the
MINP cells over the MIS cells is maximum at a substrate
resistivity of 0.1 ohm-cm and decreases as resistivity increases.
We have compared the performance of the MINP cells on two
available substrate resistivities, namely, 0.5 ohm-cm and 1.5
ohm-cm( see section 5.3.3).
5.2.2 Fabrication
POCl- liquid source diffusion was employed. The source was
kept at 0°C by an ice water bath and was introduced into the
furnace by bubbling nitrogen through it at 30 ccmin. Oxygen
Table 5.1








































































5rich ambient was provided by passing 20 cc/min 02 together with
450 cc/min nitrogen which acted as a carrier gas..
After diffusion, the diffused back side of the wafer was
etched by a silicon etch while the front surface was protected by
negative photoresist.
Normal MIS fabrication procedure( see section 3.3.2) was
then followed. Completed cells were measured as described in
section 3.3.3.
65.3 Results and Discussion
5.3.1 Diffusion temperature and time
Diffusion was carried out for_ time ranged from 5 min to
15 min at each temperature from 750°C to 900°C at 50°C interval.
Lower tempeature was not tried since 750°C already represented
the lower bound at which diffusion could occur using the POC13
liquid source. Degradation has been observed when diffused at
700°C [11].
10 min diffusion time has found to yield the best
performance at each temperature. For clarity, only results
corresponding to a diffusion time of 10 min are shown in Fig. 5.1
to Fig. 5.4 except of efficiencies for which three diffusion
times are indicated in Fig. 5.4( see section 5.3.3 for
performance dependence on diffusion time at 800°C).
800°C diffusion has found to he the optimum temperature at
which the open circuit voltage( L., ig. 5.1), short circuit
current( Fig. 5.2), fill factor( Fig. 5.3) and efficiency
( Fig. 5.4) reach their maximum values.
The lower performance at 7 50°C diffusion is attributed to
the low surface layer concentration. Also, this layer is so
thin( see Table 5.1) that non-uniformity and non-continuity of
the layer are not unexpected. These are likely to result in a
lower performance.
On the contrary, the lower performance of 900°C diffusion is
attributed to the heavier surface doping concentration than
optimum [2]. In addition, more serious degradation due to high
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Fig. 5.1 Open circuit voltage versus diffusion temperature.
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Fig. 5.2 Short circuit current versus diffusion temperature.
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Fig. 5.3 Fill factor versus diffusion temperature.
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Fiq. 5.4 Total area efficiency versus diffusion temperature.
niffusion time= 10 min. Grid fingers= 76cm.
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5.3.2 Grid spacing
The effect of different grid spacings on cell performance
was studied. Due to slight variation in metal coverage, active
area efficiency is used.
As shown in Fig. 5.5, the efficiency of the MINP cells are
higher than the MIS cells. The margin of eff ic-ie.ncy advantage
increases with the grid spacing. Over 2% efficiency difference
between the MI NP cells and the MIS cells is observed at large
grid spacing.
The rapid drop in efficiency as the grid spacing of the MIS
cells increases is due to the rapid fall off of the fill factor
as shown. in Fig. 5.6. The decrease in fill factor is due to the
high sheet resistivity of the inversion layer. As one moves
away from a grid finger, the local bias voltage increases until
it reaches the open circuit voltage. That results in a finite
collection distance. Visschere [12], however, showed that the
collection efficiency started falling corresponding before this
critical value was reached. He explained that there was a second
critical value at which the collection of minority carriers
changed from vertical( one dimensional) to lateral( two
dimensional).
our results are in agreement with Visschere. The fill
factor of the MIND' cells is better maintained as the grid spacing
increases due to a lower sheet resistivity of the surface doped
layer.
Although the series resistance is reduced by the surface
doping, the grid spacing should only be increased to an extent
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Fig. 5.5 Active area efficiency versus grid spacing.
o
Various diffusion time at 800 C.
Fig. 5.6 Fill factor versus grid spacing.
Various diffusion time at. 800 C.
fill factor.
5.3.3 Substrate resistivity
FZ 0.5 ohm-cm and CZ 1.5 ohm-cm base resistivity cells arc
fabricated at 800°C diffusion. The results are shown in Fig.
- Fig. 5.13.
In Fig. 5.7- the higher open circuit voltage of the O.f
ohm-cm cells are due to the lower base resistivity which results
in a lower saturation current. There is a slight enhancement ti¬
the open circuit voltage of the MINP structure over the MIf
structure.
The current advantage of the MINP structure is more
significant in both the 0.5 and 1.5 ohm-cm cells as shown in
Fig. 5.8.
No significant difference is observed in the fill factor as
shown in Fig. 5.9.
Fig. 5.10 indicates that a high efficiency is obtained in
the MINP structure and the 0.5 ohm-cm cells produce a larger
increase than the 1.5 ohm-cm cells. The optimum diffusion
condition is 10 min for the 0.5 ohm-crn substrate and 5 min for
the 1.5 ohm-cm substrate.
Fig. 5..11 shows the carrier lifetime dependence. The
carrier lifetime of cells fabricated from both resistivities
decrease as the diffusion time increases. T1ie nigher lifetime ii
the lower resistivity cell is due to the different crystal
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Fig. 5.7 Open circuit voltage versus diffusion time for
different substrate resistivities. Diffusion
o
temperature= 800 C.
Fig. 5.8 Short circuit current versus diffusion time for
different substrate resisitivities. Diffusion
temperature= 800 C.
TIME min
Fig, 5.9 Fill factor versus diffusion time for different
substrate resisitivities.
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Fig. 5.10 Total area efficiency versus diffusion time for
different substrate resisitivities. Diffusion
temperature= 800 C.
Fig. 5„ 11 Minority carrier lifetime versus diffusion time for
different substrate resi si t i. vi ties. Diffusion
temperature= 800 C.
crystals are known to have better lifetime than CZ crystals.
The magnitude of decrease in lifetime in the diffused MINE
cells is approximately equal to that of the heat treated MI
cells. This implies that the lifetime degradation is not
dominated by the doping level but rather by the temperature
of the heat treatment. The probable degradation due to the
diffused dopants may be counter-balanced by the gettering effect
of phosphorus that improves the lifetime.
Note also that the lifetime of the ion implanted MINP cells
degrades to a larger extent due to u n activated dopants anc
residual damage. We conclude that diffusion process is better
than ion implantation in this respect.
The saturation current and the ideality factor increase as
the diffusion time in both the 0.5 and 1.5 o h rn- c m cells
( Fig... 5.12 and Fig. 5.13) but the 1.5 ohm™cm cells have higher
saturation current and ideality factor. The higher saturation
current is due to its higher resistivity while the larger ratio
of n+ layer concentration to the base concentration predicts a
higher ideality factor as in Fig. 2.5.
Both the diffused and ion implanted MINP cells show
increases in the saturation current and the ideality factor with
dose level. However, such increases are smaller in the former.
The increase in the ideality factor for the 0.5 ohm-cm cells
is considered to be in good agreement, with the calculation shewn
in Fig. 2.5 with profile parameters taken from Table 5.1 within
the error of the uncertainty in diffusion constants.
The excess current component as analyzed in chapter 4 by
subtracting the diffusion current calculated from VocJsc
Fig. 5.12 Saturation current versus diffusion time for
different substrate resistivities. Diffusion
temperature= 800 C.
Fig. 5.13 Ideality factor versus diffusion time for different
substrate resistivities.
Diffusion temperature= 800 C.
measurement from the total current is also performed. The excess
current and the corresponding ideality factor are 1.5-5xl0~7 cm2
and 2.1-2.4 respectively. The value of the ideality factor
suggests tnat the recombination current in the depletion region
is dominating rather than the field emission current as suggested
by Anderson et al. [13]. The magnitude of the excess current in
the diffused MINP cells is roughly equal to that of the ion
implanted ceil at low dose. Such a magnitude can be easily
explained by a n 0 about 4x10 sec in the depletion reg i on as
calculated in chapter 4.
A plot of V J is shown in Fig. 5.14 indicating that the
excess current due to recombination is much larger in the
diffused MINP cells than the MIS cells. This is not unexpected
since the crystal perfection in an undoped surface is much better
than a doped surface. Note that such excess current coinpone n t
which is reflected in the ideality factor near the maximum power
point, softens the current voltage characteristic resulting in a
lower fill factor and efficiency.
The spectral response of the 0.5 ohm-cm cells are shown in
Fig. 5.15. The optimized cell shows better spectral response in
all wavelengths than the MIS cell and other MINP cells except
for D( 15 min diffusion) which has a higher short wavelength
response. This is also shown up in a higher short circuit
current. However, its efficiency is lower due to a lower open
circuit voltage and fill factor.
Also shown in Fig. 5. 15 is the spectral response of a
commercial p-n junction cell which is substantially poorer than
Voc V
Fie- S 14 V versus
ohm-cm. Diffusicn temperature
a: MIS, b, c, d: MINP- 5, 10, 15 a in diffusion.
Fig. 5.15 Spectral responses( arbitrary unit) for various
diffusion conditions. A~ MIS, B- MINP 800 C
5 min, C- MINP 800 C 10 min, D- MINP 800 C
15 min, PN- PN junction.
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our cells.
The performance parameters of the best MIND cell. fabricated
on 0.5 ohm-cm substrate mesured under AM1.5 illumination are
Voc= 641 my, I Sc= 31.5 mA, FF= 0.7863, nT= 15.88% and
na= 17.9%( metal coverage of 11.5%).
Our cells compare favorably to cells fabricated with
comparable technique( single layer antireflection coating MINE
structure) which recorded efficiency of 16%( AM1.5) on
0.1 ohm--cm substrate with back surface field [2].
Cells with higher efficiency have been reported as described
in section 5.1. However, these cells were fabricated on a lower
resistivity substrate( 0.1 ohm-cm) with back surface field,




Diffused MINP cells are studied in detail. The optimum
diffusion conditions are found to be 800°C for 10 min with the
POC13 liquid source. This is a compromise between the optimum
surface doping concentration and the heat treatment temperature.
Studies on the performance dependence on the grid spacing
are made. The MINP structure is found to minimize the
degradation in performance as the grid spacing widens found in
the MIS structure. The reduced series resistance at the surface
due to a surface doped layer maintains the vertical collection of
photo-generated carriers resulting in a higher fill factor even
when the grid spacing is widened.
Two different resistivity substrates are studied. Higher
efficiency advantage is obtained in the MINP structure compared
to the MIS structure in 0.5 ohm-cm substrate than 1.5 ohm-cm
substrate. Detailed performance parameters are reported. The
lifetime degradation in the diffused MINP cells is approximately
equal to that of the heat treated MIS cells and is much less than
that of the ion implanted MINP cells. This implies the lifetime
degradation in the diffused MINP cells is determined by the
temperature of the heat treatment but not by the doping level as
in the ion implanted MINP cells. This is probably due to two
counter-balanced effects between the lattice imperfection due to
the diffused dopants( degradation) and the gettering effect of
phosphorus( enhancement).
Both the saturation current and the ideality factor ofthe
diffused MINP cells are found to be increased with dose level but
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to a lesser extent than the ion implanted MINP cells. The
increase in the ideality factor is considered to be in good
agreement with the calculation shown in Fig. 2.5. The excess
current component is shown to be dominated by recombination in
the depletion region with a reasonable lifetime about 4x109 sec,
but not by the field emission current. This is consistent with
the finding in chapter 4 that the excess current due to field
emission occurs only in high dose level. The excess current
component observed in the ion implanted and diffused cells is
higher than the MIS cells. The current voltage characteristic is
sof tendby this current which is reflected by the ideality factor
near the maximum power point resulting in a lower f ill factor and
decreased efficiency( potentially even higher.).
The optimized cell possesses superior response in all
wavelengths over the MIS cells and other MINP cells except one in
short wavelength where its efficiency is, however, lowered by
lower open circuit voltage and f ill factor.
A high open circuit voltage and high efficiency solar cell
has been fabricated which recorded Voc= 641 mV, ISc= 31.5 mA,
FF= 0.7863 and nT= 15.88% at AM1.5 illumination. The cell out
performS the best ion implanted MINP cell leading to a conclusion
that diffusion is better than ion implantation in fabrication of
the MINP cells.
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MINP grating solar cells are studied in detail.
We have analysed in chapter 2 that in the metal-insulator-n-
p region, depending on the free carrier concentration in the n+
and p layers, four cases can be considered separately-
1. the surface n+ and p layers are depleted,
2. the surface n+ layer is depleted only,
3. the free carrier concentration is significant in both layers
such that no approximation should be made, and
4. the surface n+ layer is thick enough such that a neutral
n region is formed. It can then be treated as a MIS barrier
in cascade with a p-n junction.
Expressions for the barrier height enchancement and the
ideality factorhave been derived except for case 3 since full
analytical expressions are not feasible.
On a p type substrate, a high work function metal will
deplete both layers such that case 1 applies. But in this study,
a low work function metal is used such that the free carrier
concentration is important in the p layer( case 2) or even in
both layers( case 3). Case 4 corresponds to a heavily doped
MINP structure.
We have calculated the barrier height enhancement and the
ideality factor against the surface layer doping concentration
with different surface layer thickness for the metal work
function and the substrate resistivity used in the experimental
study. There is a critical doping concentration such that
barrier height enhancement exists only when this critical value
2is exceeded. For any barrier height enhancement a thinner
surface layer requires a higher doping concentration. The
ideality factor, however, also increases first slowly and then
sharply with the surface doping concentration.
The hole current density can be reduced to a low value by
increasing the surface doping dosage. The total saturation
current will finally be limited by the electron diffusion current
in the bulk.
In the antireflection coating-insulator--n-p region, two
major loss mechanisms- surface recombination loss and series
resistance loss are considered. By minimizing the surface
recombination current taking into account of the bandgap
narrowing effect, optimum surface doping concentration is found
for both nondegenerate and degenerate cases. Doping
concentrations of 5.3x1018 cm-3 and 7.8x1019 cm-3 are required
for the nondegenerate case and degenerate case respectively.
These values are substantially lower than heavily doped emitter
in conventional p-n junctions.
The sheet resistivity is lowered as a result of the surface
doped layer which suggests that a wider grid spacing can be used
to lower the shadow loss.
Process temperature is known to play an important role in
high efficiency solar cells. But a high temperature step (either
in the diffusion of the n layer or in the annealing of ion
implanted cells) is unavoidable. The performance of the MINP
cells thus depends on both the surface doping effect and the
3temperature treatment effect. Also, previous studies on
temperature effect employed p-n junction cells such that the
temperature effect has not been isolated from the doping effect.
We have performed isochronal and isothermal pre-processing heat
treatment on MIS solar cells to study the peformance dependence
solely due to the temperature effect for the first time.
We have found that the cell peformance degrades as the heat
treatment temperature increases. The saturation current and the
ideality factor also increase with heat treatment temperature.
The performance degradation is partly explained by the carrier
lifetime degradation. However, the saturation current calculated
by using the degraded lifetime is substantially lower than the
measured value. This suggests that the increases are not only
due to the bulk lifetime degradation but also due to other
effects such as recombination in the space charge region and
surface states. Furthermore, such effects are temperature
dependent. The short and long wavelength degradation in the
spectral. response measurement supports the above intepretation.
To achieve high efficiency, a lower temperature and shorter
time should be used to obtain the desired doping concentration
and annealing.
Experimental studies of the MINP structure by both ion
implantaion and diffusion are conducted systematically. The
performance dependence of the MI NP cells on parameters such as
implant dose, energy, annealing condition, diffusion temperature
and time has not been reported in the literature. Cells are
fabricated by a simple, alignment free process with single layer
4SiO antiref lection coating but without back surface field.
In the case of ion implanted MINP cells, implant parameters
( dose and energy) and annealing conditions have been investi-
gated systematically. The implant dose ranges from 1012 cm-2
to 1015 cm-2 while ion energy of 20 KeV and 30KeV are used.
Annealing temperature ranges from 600°C to 900°C. Four sets of
implant and anneal conditions have been studied-
set A 20 KeV implant, single step anneal
set B 20 KeV implant, three step anneal
set C 30 KeV implant, three step anneal
set D 30 Key through oxide implant, three step anneal
The performance dependence of the four sets isqualitaively the
same. Low temperature annealing of the ion implanted layer
results in insufficient anneal with unfully activated dopantsand
residual damage. High temperature annealing, however, lowers the
bulk lifetime without further activation of dopants and removal
of residual damage. The optimum annealing temperature has been
found to be 800 °C.
Among the four sets of implant and anneal conditions, set C
- 30 KeV implant, three step anneal yields the best result. 30
KeV implants( set C and set D) are superior to 20 KeV implants
( set A and set B). There is no significant difference in
performance for 20 KeV implants under single step or three step
annealing.
The optimum dose is about 1013 cm-2 which is two orders of
magnitude lower than that in conventional ion implanted p-n
junction cells. This implies ion implantation using the MINP
5structure may be cost competitive to diffusion.
The best ion implanted cell measured is fabricated under
30 KeV Phosphor us implant at dose level of 1013 cm-2 under three
step annealing at 550°C 2 hours, 300°C 15 min, 550°C 2 hours.
The performance parameters are Voc= 624 mV, I Sc= 30.4 mA,
FF= 0.791, and nT= 15% at AM1.5.
The peformance of the ion implanted MINP cells is
substantially higher than the MIS cells due to the superior short
circuit current. There is only marginal open circuit voltage
advantage. The explanation to the performance dependence is also
supported by the spectral response measured.
The decrease in the carrier lifetime and increase in the
saturation current and the ideality factor of the ion implanted
MINP cells are substantially larger than that of the heat
treated MIS cells. We thus conclude that the dependence is
dominated by the doping level even though there is still some
temperature dependence.
The increase in ideality factor is in qualitative agreement
with the calculation in chapter 2 assuming only the n+ layer is
depleted. Detailed analysis of the excess current shows that a
recombination current through traps in the depletion region
dominates at low dose level. While at high dose level, our
result is consistent with Anderson et al. who have suggested that
a field emission current dominates.
In the case of diffused MINP cells, the two independent
parameters- temperature and time are studied in detail.
800°C 10 min single step diffusion has been found to be the
6optimum diffusion condition as a compromise between the optimum
surface doping concentration and the heat treatment temperature.
The effects of different grid spacings on the cell
performance for the MINP cells are dorrnonstrated for the first
time. The efficiency of the MINP cells are higher than the MIS
cells. The margin of the efficiency advantage increases with the
grid spacing. The rapid drop in efficiency with the grid spacing
of the MIS cells is due to the rapid fall off of the fill factor
as a result of high sheet resistivity in the inversion layer.
The fill factor of the MINP cells are better maintained due to a
reduced sheet resistivity in the surface layer assuring the
vertical collection of photo-generated carriers.
Cell performance of two substrate resistivities are studied.
The cell performance indicates high efficiency is obtained by
MINP structure while the 0.5 ohm-cm cells produce a larger
increase than the 1.5 ohm-cm cells.
Performance parameters are reported. The lifetime
degradation in the diffused MINP cells is approximately equal to
that of the heat treated MIS cells but is much less than that of
the ion implanted MINP cells. The lifetime degradation in the
diffused MINP cells is thus determined by the temperature
treatment rather than the doping concentration( as in the ion
implanted MINP cells). This is probably due to two counter-
balanced effects between lattice imperfection due to the diffused
dopants( degradation) and the gettering effect of phosphorus
(enhancement).
The saturation current and the ideality factor of the
7diffused MINP cells increase with dose level but to a smaller
extent than the ion implanted MINP cells. The increase in the
ideality factor is in good agreement with the theoretical
calculation.
The excess current component is shown to be dominated by
recombination in the depletion region as in low dose ion
implanted MINP cells.
The excess current in the diffused MINP cells is higher than
that of the MIS cells. The current voltage charactersitic is
softened by this excess current component which is reflected by
the higher ideality factor near the maximum power point resulting
in a lower fill factor and decreased( potentially higher}
efficiency.
The performance of the best diffused MINP cell measured on
0.5 cm under AM1.5 illumination are Voc= 641 mV, Isc= 31.5 mA,
rr= 0.7863, nT= 15.88 and na= 17.9% which is higher than
the best ion implanted MINP cell. We conclude that diffusion is
better than ion implantation in fabrication of MINP cells. Our
cell compares favourably to the best cell reported made by
comparable technique on a lower resistivity substrate.
We have reported studies of the MINP grating cells. To
achieve even higher efficiency, methods such as incorporating a
back surface field and improving surface passivation can be
employed.
Surface passivation is in consistent with the present
alignment free process. Af ter the surface passivating oxide is
8thermally grown, parallel strips are etched for metal contact.
The grid fingers should then he evaporated through the silicon
shadow mask in the direction perpendicular to the contact strips
resulting in dot contacts. This, in fact, also reduces the metal
contact area.
The field emission current component suggested by Anderson
et al. is not intrinsic to the MINP cells but applies also to the
MNP cells. We have shown in this study that the excess current is
dominated by the recombination current in the depletion region at
low dose. However, more rigorous proof can be obtained from the
temperature dependence by performing current voltage measurement
at various temperatures.
Investigation in other areas such as reliability and
transient annealing in ion implanted cells should be of general
interest.


